The fine-scale pattern of correlated paternity was characterized within a population of the narrow-endemic model plant species, Centaurea corymbosa, using microsatellites and natural progeny arrays. We used classical approaches to assess correlated mating within sibships and developed a new method based on pairwise kinship coefficients to assess correlated paternity within and among sibships in a spatio-temporal perspective. We also performed numerical simulations to assess the relative significance of different mechanisms promoting correlated paternity and to compare the statistical properties of different estimators of correlated paternity. Our new approach proved very informative to assess which factors contributed most to correlated paternity and presented good statistical properties. Within progeny arrays, we found that about one-fifth of offspring pairs were full-sibs. This level of correlated mating did not result from correlated pollen dispersal events (i.e., pollen codispersion) but rather from limited mate availability, the latter being due to limited pollen dispersal distances, the heterogeneity of pollen production among plants, phenological heterogeneity and, according to simulations, the self-incompatibility system. We point out the close connection between correlated paternity and the "TwoGener" approach recently developed to infer pollen dispersal and discuss the conditions to be met when applying the latter. C ORRELATED paternity refers to the fact that difor embryo abortion, as well as resource allocation to each sex (Charnov 1982) . Under limited seed dispersal, ferent offspring may be sired by the same father.
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where interacting individuals are likely sibs, it may also Within maternal progeny arrays it is often referred to act on the type of competitive interactions involved (e.g., as "correlated mating" and can be expressed by the kin selection; Hamilton 1964; Schuster and Mitton fraction of full-sib pairs (e.g., Ritland 1989; El-Kassaby 1991; Rousset and Billiard 2000) , the average fitness and Jaquish 1996) or by the number of different fathers of competing siblings (Young 1981; Schmitt and Ehrinvolved (e.g., Campbell 1998) . In this context, pure hardt 1987; Karron and Marshall 1990, 1993) , or half-sib and pure full-sib families represent the extreme the success of mating events between nearby individuals alternatives of a continuum from uncorrelated to totally when inbreeding depression or self-incompatibility occorrelated mating events (e.g., polyads of mimosoid lecurs. Second, together with the outcrossing rate, the gumes and tropical figs; Nason et al. 1998) . Correlated pattern of correlated mating is a key parameter of the paternity can also be considered between maternal mating system (Ritland 1988 and can provide progeny arrays, where it can be expressed by the relative valuable information on pollination biology because it proportions of (paternal) half-sibs and non-sibs.
depends on a set of biological factors related in particuIn plant populations, correlated paternity is imporlar to floral biology, phenology, flowering intensity, poltant for several reasons. First, it is of evolutionary siglinator behavior, pollen dispersal distances, and pollen nificance as it affects the genetic relatedness between competition. For example, several studies investigating maternal sibs and hence the response to selection when correlated mating in a hierarchical fashion, distinguishsibs are competing for maternal resources during seed ing maternal sibs within and among flowers or infloresmaturation, affecting the effectiveness of selective fruit cences, gathered insightful information on the way pollen was brought on flowers (e.g., Schoen 1985; Ritland 1989; Morgan and Barrett 1990; Muona et al. 1991; 1 (Nikkanen et al. 2000) and, consequently, affects patterns father (e.g., Ritland's correlated-matings model; Ritland 1989 . Although less precise than paternity of correlated mating in successfully developed seeds. Finally, the level of correlated paternity is a key parameter analyses, these approaches are much more convenient to apply (nonexhaustive sampling) and can be used on which many methods rely: for instance, as is detailed in the discussion, the so-called "TwoGener" approach with less-polymorphic markers. Maximum-likelihood approaches have also been developed to assess whether recently developed to assess pollen dispersal distances Smouse 2001, 2002; Smouse et al. a particular pair of individuals are half-or full-sibs (e.g., González-Martínez et al. 2003 Irwin et al. 2003; Austerlitz et al. 2004 ) is fundamentally based on the level of correlated paternity.
We show in this article that estimating the kinship coefficient between the paternal genes of any two given Quantifying correlated mating can also be important in quantitative genetic studies that make use of natural sib progenies (or equivalently between the fertilizing pollen grains) provides a convenient way to characterize the families, where half-sibs are often assumed (e.g., Petit et al. 2001) .
pattern of correlated paternity within as well as among progeny arrays. This approach is closely related to both In plant populations, we can distinguish two types of mechanisms causing correlated paternity between Ritland's correlated-matings model and the TwoGener method, but has the advantage of being more approoutcrossing events: (1) correlated dispersal events, i.e., the codispersion of pollen from the same origin (noninpriate (1) to identify the factors causing correlated mating and (2) to characterize correlated paternity among dependent dispersal events), and (2) limited mate availability, i.e., the low number of pollen donors (indepenmaternal sibships in a spatial perspective. Simulations also suggest that this method benefits better statistical dent dispersal events). The first mechanism occurs typically within multiple-seeded fruits when ovules are properties.
We use microsatellite markers to characterize correfertilized by a single pollen load (i.e., brought during a single pollinator visit) from few origins. Such correlated lated paternity in Centaurea corymbosa Pourret (Asteraceae), a well-established model for narrow-endemic endispersal events could also occur among nearby flowers (e.g., within inflorescences) that are simultaneously redangered species (Colas et al. 1997 Fréville et al. 1998 Petit et al. 2001) . Common garden ceptive. Hence, the extent of pollen carryover and the spatio-temporal proximity of fertilization events are key experiments have provided some evidence of inbreeding depression in this species (H. Fréville and A. Migdeterminants of the extent of correlated paternity due to correlated dispersal events. When dispersal events are not, unpublished results). In 2000, adults and maternal progenies from one population were genotyped to asindependent, the pattern of pollen dispersal (dispersal distances and degree of anisotropy), the density of polsess the selfing rate and pollen dispersal distances by paternity analysis . In this article we len producers, the heterogeneity of their flowering intensity, and the existence of a self-incompatibility system use the same data to address the following questions: are key parameters determining the extent of correlated 1. What is the level of correlated mating within sibships paternity due to limited mate availability. The heterogeand what is the level of correlated paternity among neity of flowering phenology among plants is also imporsibships? tant because even when there are many potential mating 2. To what extent is correlated mating due to correlated partners over the whole flowering period, mate availabilpollen dispersal events vs. limited mate availability? ity can be limited on a given day if each plant releases 3. Does correlated mating vary along the flowering period most of its pollen over a short period. Hence, the tempoor among families according to the degree of isolation ral proximity of fertilization events can also be a key of the mother plant? determinant of the extent of correlated paternity due 4. To what extent are correlated mating and correlated to limited mate availability. paternity accounted for by (a) limited pollen disDifferent methods have been developed to quantify persal, (b) the heterogeneity of flowering intensity correlated paternity using genetic markers (e.g., Schoen and flowering phenology among plants, and (c) the 1985; Brown et al. 1986; Ritland 1988 Dewoody self-incompatibility system? et al. 2000) . The most precise consists in identifying the father of each offspring through a paternity analysis, so
To answer these questions, we (1) use the results of the paternity analysis carried out previously (Hardy et that the whole information regarding correlated paternity is available. However, paternity analyses require (1) al. 2004), (2) use standard approaches Smouse et al. 2001 ) to assess correlated mating within an exhaustive sampling of the potential fathers and (2) sufficiently informative markers (highly polymorphic progeny arrays, (3) develop a new approach based on pairwise kinship coefficients between the paternal gaand/or many loci available) to identify unambiguously the true father. Alternative approaches are based on metic genotypes of offspring pairs to assess correlated paternity within as well as among progeny arrays, and genotyped progeny arrays, using models to deduce the number of sires per family (e.g., Ellstrand 1984; Camp-(4) compare the level of correlated mating observed with the level expected under various hypotheses (ranbell 1998) or the fraction of sib-pairs sharing the same Fine-Scale Genetic Structure and Gene Dispersal in Centaurea corymbosa, II seeds collected on June 22 were probably fertilized during dom mating vs. limited pollen dispersal, equal vs. unthe mid-flowering period. No samplings were made during equal pollen release by the potential fathers, and presthe late-flowering period; actually, the latter contributes little ence of a self-incompatibility system), using numerical to plant reproduction because of the low fertilization rate and simulations. We sampled outer seeds and inner seeds the high ovule abortion rate observed at this stage within capitula on different dates. As is shown, this origiBecause capitula mature in a centripetal fashion, their penal sampling addresses the subject of the temporal proxripheral seeds (outer ring) are fertilized 2 or 3 days before imity of fertilization events, which is of high importance their central seeds (inner ring). Hence, to assess if correlated but quite neglected in the literature. Finally, we also dispersal events (which could occur only between seeds from discuss the relationships between the different estimathe same ring) contributed to correlated mating, we attempted to sample in each capitulum four central and four peripheral tors used to assess correlated mating and we compare seeds. We succeeded to do so for 32 families; for the 15 retheir statistical properties. maining ones, we had to select eight seeds at random. DNA was extracted from young leaves from plantlets after seed germination, so that DNA material was obtained for 372 off-MATERIALS AND METHODS spring from 47 families. Genetic markers: Genotypes were assessed for 85 reproducStudy organism: C. corymbosa is a monocarpic, self-incompatiing individuals and 372 offspring using nine microsatellite ble perennial herb known from only six populations located loci described in Fréville et al. (2000) and Hardy et al. within a 3-km 2 area along the French Mediterranean coast (2004) . These loci had 3-11 alleles and gene diversities ranged (Colas et al. 1997) . It has specialized into an extreme habitat, from 0.122 to 0.776 (average ϭ 0.500). Comparison of offthe top of limestone cliffs where few other plant species surspring genotypes with maternal ones showed that genotyping vive. Its life cycle begins with a rosette stage during at least 2 error rate was Ͻ1% per locus . years (5.5 years on average according to demographic data; ). The year of flowering (the ultimate year as it is a monocarpic species), a mean of 30 capitula (range DATA ANALYSIS 1-200) are produced on several stems and mature sequentially. Capitula include on average 17 peripheral sterile ray analysis using an exclusion approach described in Hardy average, 40-60% of the flowers produce viable seeds . Flowers are protandrous and maturation is centripeet al. (2004) : considering offspring having only one candi-offspring genotype . This can be the degree of plant isolation or of the heterogeneity of the proximity of the nearest neighbors, the F S values done unambiguously at a locus unless both the offspring and its mother are heterozygous for the same pair of within each family were regressed on the number of flowering plants situated within 20 m of the mother alleles. For example, if an offspring carries alleles A and B and its mother alleles B and C, it means the father plant (20 m being approximately the mean distance between mates; Hardy et al. 2004) as well as on the brought allele A. However, if the mother carried alleles A and B, the father could have brought allele A or allele variance of the distances to the five closest flowering plants. Second, F ij values between offspring from differ-B. The second step consists in computing, for each pair of offspring i and j, the kinship coefficients, F ij , between ent mothers were averaged according to the distance separating the mother plants, so that correlated paterthe paternal gametic genotypes of i and j (with n ϭ 372 offspring, there were 69,006 pairwise comparisons). The nity among progeny arrays could be examined in a spatial perspective. Here again we distinguished pairs of expectation of F ij is 0.5 if i and j have the same noninbred father, and 0 if they have different (and unrelated) offspring sampled on the same date or different dates. A jackknife procedure over loci provided approximate fathers, so that twice an average F ij over many pairs of progenies should provide the proportion of these pairs standard errors for all these estimates. Randomization procedures whereby the sampling dates or the spatial being paternal sibs. We used J. Nason's multilocus F ij positions were reshuffled allowed us to test for temporal estimator described in Loiselle et al. (1995) , and spatial effects.
Simulations: Simulations of mating events in the studied population were carried out to investigate which where p lai , p laj are the frequencies of allele a at locus l mechanisms were necessary to account for the observed in i and j, considering only the paternal genes, p la being level of correlated mating. Following previous results the average p lai over all n offspring. When the paternal , we assumed that pollen dispersed allele can be assessed unambiguously at a given locus, according to an exponential power function (the kerp lai ϭ 1 for a being the paternal allele and p lai ϭ 0 for nel): the probability that a pollen grain moves by x and the other alleles. However, when there is an ambiguity y along two orthogonal axes is f(␣, ␤; x, y) ϭ [␤/2⌫(2/ on the paternal allele, we set p lai ϭ 0.5 for each of the
, where ⌫ is the gamma function, r ϭ two possible alleles and p lai ϭ 0 for the other ones.
(x 2 ϩ y 2 ) 1/2 is the distance crossed, and ␣, ␤ are the Consequently, if the paternal alleles of i and j at a locus dispersal parameters, controlling the extent and shape are ambiguous and unambiguous, respectively, the sinof the distribution, respectively. The probability that gle locus F ij is an average estimate of the kinship coeffiadult i is the father of a progeny collected on a given cients between the fathers of i and j, and between the mother j is the proportion of the pollen received by j mother of i and the father of j, potentially causing an that originates from i:
, where x i , y i is the position of i relative tions were carried out using the software SPAGeDi to j, w i represents the relative amount of pollen pro-(Hardy and Vekemans 2002) by encoding paternal gaduced by individual i, and the summation over k conmetic genotypes as diploid genotypes, using a homozycerns all potential fathers. gote when the paternal contribution was unambiguous To simulate mating events, all individuals found in the and a heterozygote when it was ambiguous (i.e., recalling population but the mother were considered as potential the example given above, pollen genotypes would be fathers (i.e., self-fertilization not allowed), and pollen considered as AA and AB in the unambiguous and amflow from other populations was assumed negligible biguous cases, respectively). (Colas et al. 1997; ; Hardy et al. The third step is to compute various averages from 2004). Each simulation run produced 372 offspring on the matrix of pairwise F ij coefficients. First, averages the same set of mothers and with the same number of were made over maternal sib pairs (i.e., within sibships, offspring per mother as in the real sample. For each totalizing 1575 sib-pairs), giving F S values. To assess the offspring of mother j, we selected randomly a father impact of the spatio-temporal proximity of fertilization according to P(i|␣, ␤, j) values. The genotype of the events on correlated mating, we contrasted F S estimates progeny was then constructed by picking up randomly, for the following kinds of pairwise comparisons: (1) for each locus, one gene from its mother and one gene seeds sampled on the same date vs. on different dates, from its father. To this end, we used the actual genotypes (2) seeds sampled within capitulum vs. among capitula, of the 85 adults that were genotyped and, for the 11 and (3) seeds sampled within ring (i.e., fertilized on the nonsampled adults, we constructed virtual genotypes by same date) vs. among rings (i.e., fertilized on different picking up alleles randomly according to their observed dates) within a capitulum. To assess if the extent of frequencies in the 85 genotyped adults. Once all 372 correlated mating varied in the course of the flowering offspring were defined, the actual proportion of fullperiod, we compared F S among the three different samsibs within progeny arrays, P FS , was determined, and the mean relatedness between paternal genes within pling dates. Moreover, to assess if there was an effect of sibships, F S , was estimated following the approach deof selfing and biparental inbreeding, r p , 2⌽ FT and 2F S are all estimators of the proportion of full-sibs (P FS ) scribed previously in this section. Using 1000 simulation replicates, we assessed the 95% confidence intervals on within progeny arrays (Ritland 1988; Austerlitz and Smouse 2001) . Similarly, 2F ij estimates the proportion the F S values.
Simulations were run under various hypotheses, startof progeny pairs from different families being paternal sibs (P PS ). The statistical properties were thus assessed ing from panmixia and implementing step-by-step realistic processes expected to affect correlated mating:
by comparing the estimates obtained with the actual parameters using simulated data sets. To this end, we 1. Random dispersal: We approximated panmixia by carried out the same kind of simulations presented in setting ␣ ϭ 10,000 and w i ϭ 1 for any i.
the previous section but, for each run, the ␣ and w i 2. Limited pollen dispersal, constant pollen production parameters were taken from log-normal distributions to among adults: Here we set w i ϭ 1 for any i, and ␣ ϭ get a wide range of realized levels of correlated paternity 2.30 and ␤ ϭ 0.44, the parameters fitting best with the (self-incompatibility was not simulated). For each run, pollen dispersal events inferred by paternity analysis we recorded P FS as well as P PS between progenies of .
families separated by Ͻ3 m [P PS(3m) ] and computed F S 3. Limited pollen dispersal, pollen production variable and the average F ij between progenies of families sepaamong individuals but constant through time: The difrated by Ͻ3 m (F 3m ). We also exported the genotypes ference from simulation 2 is that, for each individual, obtained to compute r p and ⌽ FT with adequate software w i was equal to the total number of capitula counted (see above). We then regressed r p , 2⌽ FT , and 2F S on P FS , on i.
as well as 2F 3m on P PS(3m) , and computed the mean square 4. Limited pollen dispersal, pollen production variable error (MSE; a combined measure of the bias and variamong individuals and through time: The difference ance) for each estimator:
/n, where from simulation 2 is that, for each individual, w i was o i is the r p , 2⌽ FT , 2F S , or 2F 3m estimate of the ith replicate; a random variable following a Poisson distribution e i is the corresponding expected value [P FS or P PS(3m) ]; with expectation equal to one-eighth the total numand n is the number of replicates (n ϭ 1000 for 2F S and ber of capitula counted on i (in accordance with obser-2F 3m and n ϭ 200 for r p and 2⌽ FT ). Note that the sampling vations, see results), and three different w i correscheme of the artificial data sets is identical to the one sponding to the three sampling dates of sibs were drawn of the experimental study. randomly (we assumed in the simulations that progeny We tried to identify two possible causes of estimator arrays for a given family were fertilized on the same bias: (1) the presence of a spatial genetic structure in the day).
parental generation (O. J. Hardy, unpublished results) 5. Limited pollen dispersal, pollen production variable and (2) the ambiguity regarding the paternal genotype among individuals and through time, self-incompatiwhen an offspring and its mother have the same heterobility system: The difference from simulation 4 is the zygote genotype. To investigate the impact of a spatial addition of a sporophytic self-incompatibility system, genetic structure, in a first set of simulations the parenso that crossing among individuals sharing at least tal genotypes were reconstructed by assigning alleles one allele at the self-incompatibility locus was not randomly according to the observed allele frequencies, allowed. Therefore, we considered 20 equi-frequent whereas a second set of simulations used the original alleles randomly distributed among the 96 individuparental genotypes. To investigate the impact of the als. This number of alleles is close to the one exambiguous paternal genotypes, F S and F 3m were also compected at drift-selection-mutation equilibrium for an puted using the actual paternal genes (no ambiguities). effective population size N e ϭ 1000 (a realistic value for C. corymbosa at the species level; O. J. Hardy, unpublished results) and a mutation rate ϭ 10 Ϫ5 RESULTS (Schierup et al. 1997) . Note that self-incompatibility Phenological data: The total number of capitula proalleles being subject to strong frequency-dependent duced per flowering plant, estimated on 85 accessible selection, the number of alleles at drift-mutation individuals, ranged from 3 to 140 (mean ϭ 32.2, SD ϭ equilibrium within a population belonging to a meta-26.4). On our first visit (June 1), all 55 reproducing population is essentially a function of the metapopuplants then characterized had at least one capitulum lation effective size (Schierup et al. 1997) .
being in flower or having flowered and, considering all the capitula recorded that date, 23% of them had Statistical properties: A thorough analysis of the statistical properties of the estimators used is beyond the flowered and 14% were flowering. On June 6, 46% of the capitula from 29 other plants had flowered and 9% scope of this article but, as we introduced a new approach to assess correlated paternity, it is useful to comwere flowering. On average, 12.5% of the total number of capitula per plant were flowering at any date, a perpare the statistical properties of the new estimator with classical approaches, at least for the sampling scheme centage uncorrelated with the total number of capitula per plant (r ϭ Ϫ0.012, N ϭ 87, P ϭ 0.92). We also adopted and the genetic markers used. In the absence found that the observed number of flowering capitula 0.031). Following the TwoGener approach, the global differentiation among pollen pools having fertilized difon a given plant and a given date closely followed a Poisson distribution with expectation equal to 12.5% ferent mothers is ⌽ FT ϭ 0.0974. The new procedure developed in this article gave an average kinship coeffithe total number of capitula (P ϭ 0.912).
Assessment of paternal gametic genotypes: The percient between the paternal genes of maternal sibs equal to F S ϭ 0.0914 (SE ϭ 0.0094 by jackknifing over loci; centage of offspring for which the paternal allele could not be determined unambiguously ranged from 2.4 to number of sib pairs N p ϭ 1575), which is close to the global ⌽ FT value and close to half the r p value, as ex-19.4% among loci, the lowest values corresponding to the two least polymorphic loci because heterozygosity pected (see discussion). In the absence of biparental inbreeding, r p , or twice ⌽ FT or F S , is expected to approxiwas low for these. For the seven other loci (which had 3-10 alleles and gene diversities between 0.39 and 0.83), mate the proportion of full-sibs, which might thus reach ‫,%91ف‬ in agreement with the results of the paternity these percentages ranged between 14.8 and 19.4% and were not clearly related to their level of polymorphism.
analysis. When maternal sib pairs were distinguished according Correlated mating within progeny arrays: The paternity analysis detailed in Hardy et al. (2004) identified the to the relative positions of seeds within and among capitula, or according to the sampling date of seeds (and thus fathers of 121 outcrossed progenies, making 121(121 Ϫ 1)/2 ϭ 7260 offspring pairs, 148 of these being maternal the phase of the flowering period when fertilization occurred), no significant effect was observed on F S values sib pairs (offspring sharing the same mother). Twentynine of these sib pairs were full-sibs, so that maternal (Table 1) . Hence, the spatio-temporal proximity of fertilization events does not seem to affect significantly the progeny arrays contained on average 19.6% of full-sib pairs. Interestingly, the mean distance traveled by pollen extent of correlated mating for sibs, suggesting correlated dispersal events is not a significant mechanism was 20.5 m for the 121 outcrossing events, whereas it was only 10.5 m when we considered solely offspring promoting correlated mating in C. corymbosa. However, sibs collected at different phases of the flowering period having at least one full-sib, suggesting that limited pollen dispersal is an important cause of correlated mating.
seemed to show less correlated mating (F S ϭ 0.0616) than sibs collected during the same phase (F S ϭ 0.0936), The MLTR program provided the following estimates when allele frequencies in pollen and seeds were asbut precision was lacking because few pairs of maternal sibs were sampled at different dates (Table 1) so that sumed equal: multilocus estimate of the outcrossing rate t ϭ 0.972 (SE ϭ 0.011), parental inbreeding coefficient the difference was not statistically significant. Average F S 's for all sib pairs per family were not significantly F ϭ 0.046 (SE ϭ 0.028), and multilocus estimate of the correlation of outcrossed paternity r p ϭ 0.196 (SE ϭ correlated with the number of adults found within 20 Fine-Scale Genetic Structure and Gene Dispersal in Centaurea corymbosa, II Figure 1. -Percentages of offspring pairs sharing paternity within maternal sibship (solid symbols) and among sibships according to the distance (log scale) separating the mothers (open symbols). We distinguish pairwise comparisons including offspring sampled the same date (squares, solid line) or at different dates (triangles, dashed line). For pairwise comparisons within sibships and among sampling dates, no value is given because there were only five pairs. The asterisks show estimates within sampling dates that are significantly higher than estimates between sampling dates. These results are based on 121 outcrossing events identified by paternity analysis. m around the mother plant (r ϭ Ϫ0.064; N ϭ 46; P ϭ
The kinship coefficient F ij between the paternal genes of offspring from different mothers decreased with the 0.67) or with the variance of distances to the five nearest flowering plants (r ϭ 0.028; N ϭ 46; P ϭ 0.80).
distance between mothers (Mantel test, P Ͻ 0.001), indicating again that limited pollen dispersal was a key deterCorrelated paternity among progeny arrays: On the basis of the 121 outcrossing events identified by paterminant of correlated paternity (Figure 2 ). In agreement with the paternity analysis, for pairs of offspring sampled nity analysis, the percentage of offspring pairs sharing the same father decreased with the spatial distance on mothers separated by Ͻ10 m, the extent of correlated paternity was much more pronounced for offspring among mothers and, at short distances, it was much higher between offspring sampled on the same date pairs sampled on the same date than on different dates (Figure 2 ). Permutation tests showed that the difference than on different dates (Figure 1) . Chi-square tests show that the difference between offspring sampled on the is significant for distances Ͻ3 m (P ϭ 0.01). This confirms the trend already observed within sibships that same date and offspring sampled on different dates is significant at distances Ͻ1.5 m (P ϭ 0.025) and nearly correlated paternity is more likely for progeny fertilized during the same period. Accordingly, pairwise ⌽ FT beso between 1.5 and 3 m (P ϭ 0.05), but not significant at larger distances (P Ͼ 0.05).
tween sibships shows that differentiation among pollen ). and, at short distances, is higher between sibships sampled at different dates (Figure 3 ). For sibships separated Under low actual P FS , r p performs particularly badly, giving often fairly negative values ( Figure 4B ). The lower by Ͻ2 m and sampled on the same date, there is nearly no differentiation (⌽ FT ϭ 0.0037).
performances of r p might be due to the fact that the MLTR software estimates simultaneously several statisSimulation results: The proportion of full-sibs (P FS ) and the relatedness between the paternal genes of sibs tics. Hence, we also used the MLTR software after setting the inbreeding coefficient and the outcrossing rate to (F S ) increased progressively when the following features were successively added in the simulations: (1) pantheir actual values (0 and 1, respectively) and got better estimates (MSE ϭ 39 ϫ 10
Ϫ4
) but still not as good as mixia, (2) limited pollen dispersal, (3) pollen production variable among individuals, (4) pollen production for 2F S . Among progeny arrays, 2F ij somewhat underestimates P PS : 2F 3m ϭ 0.853P PS(3m) Ϫ 0.0169 (R 2 ϭ 0.907; per individual variable through time, and (5) self-incompatibility system (Table 2 ). The observed F S value MSE ϭ 17 ϫ 10
). When the actual paternal genes were used to assess F S and F 3m (no ambiguities), it did (0.0914) was included into the 95% confidence interval obtained by simulations only in model 5 when all these not really improve F S (2F S ϭ 0.991P FS Ϫ 0.0148; R 2 ϭ 0.989; MSE ϭ 9 ϫ 10 Ϫ4 ) but improved a little F 3m (2F 3m ϭ features were implemented (0.0426-0.0964), in which case the percentage of full-sibs reached P FS ϭ 17.2% on 1.006P PS(3m) Ϫ 0.0199; R 2 ϭ 0.906; MSE ϭ 10 ϫ 10 Ϫ4 ), suggesting that ambiguous paternal gametic genotypes average. It is noteworthy that limited dispersal taken alone accounted for only one-third of the effect (P FS ϭ causes only limited bias. Using the original parental genotypes in the simula-6.4%), the heterogeneity of pollen production among plants and through time accounting for as much as tions (existence of a spatial genetic structure), all the estimators showed higher bias but their performances were limited dispersal. Finally, the self-incompatibility system also contributed substantially to correlated mating. not much affected within progeny arrays: 2F S ϭ 1.024P FS ϩ 0.0240 (R 2 ϭ 0.989; MSE ϭ 19 ϫ 10 Ϫ4 ), 2⌽ FT ϭ 1.356 Statistical properties: Using simulated data sets, estimated P FS (r p , 2⌽ FT , or 2F S ) were regressed on actual P FS P FS Ϫ 0.0081 (R 2 ϭ 0.994; MSE ϭ 99 ϫ 10 Ϫ4 ), r p ϭ 1.037P FS Ϫ 0.0884 (R 2 ϭ 0.936; MSE ϭ 100 ϫ 10
). so that estimator accuracy (bias) was assessed by the departure of the regression slope from unity and of the Among progeny arrays, the impact of biparental inbreeding was more significant but the estimator still intercept from zero, and estimator precision (variance) was assessed by R 2 . The MSE provides a combined meadisplayed fairly good statistical properties: 2F 3m ϭ 1.191 P PS(3m) Ϫ 0.0123 (R 2 ϭ 0.940; MSE ϭ 14 ϫ 10 Ϫ4 ). sure of the impact of accuracy and precision. When there is no spatial genetic structure and no inbreeding in the parental population, Figure 4 shows that P FS tends DISCUSSION to be underestimated by r p and overestimated by 2⌽ FT (at least for large P FS ), whereas 2F S presents the best Consequences of correlated mating in C. corymbosa: All analyses (Ritland's correlated-matings model, Twostatistical properties (low bias and variance): 2F S ϭ 0.957P FS ϩ 0.0021 (R 2 ϭ 0.990; MSE ϭ 7 ϫ 10 Ϫ4 ), 2⌽ FT ϭ Gener approach, the pairwise kinship approach devel- . However, such experiments performed on C. corymbosa have not shown evidence of pollen limitation (S. Luijten, unpublished results). oped in this article, and the paternity analysis) provided a consistent result: within progeny arrays, about oneFactors determining correlated mating in C. corymbosa: For seeds sampled within capitula, the proportion fifth of sib pairs were full-sibs. One over this proportion gives the "effective number of sires" (i.e., the number of full-sibs was not lower when ovules were fertilized on different days (seeds from different rings) than on the of fathers necessary to cause the observed level of correlated paternity assuming equal mating chances and insame day (seeds from the same ring). Hence, correlated mating was not contributed by correlated dispersal events dependent mating events; Ritland 1989), which is N ep ϭ 5.1. This value lies in the upper range of other (i.e., the codispersion of pollen from the same origin by a single pollinator movement). We can thus conclude that herbaceous species (Table 3) , among which the highest N ep was observed for another Centaurea species (C. solsticorrelated mating resulted essentially from limited mate availability, just as was observed recently by Wells and tialis; Table 3 ). Tree species tend to show higher values than herbs (Table 3) .
Young ( 2002) in the Australian endemic shrub Rutidosis leptorrhychoides (Asteraceae). C. corymbosa is self-incompatible with very restricted seed dispersal (Colas et al. 1997) so that the extent of Two lines of evidence indicate that limited pollen dispersal was the main factor limiting the diversity of correlated mating within sibships determines to a large measure the degree of relatedness between competing sires. First, the paternity analysis showed that the mean distance between parents was lower for full-sibs ‫01ف(‬ m) seedlings. Compared to other herbaceous species, correlated paternity appears fairly low (higher N ep ), so that than for random offspring ‫02ف(‬ m). Second, correlated paternity for pairs of offspring from different families we expect a fairly high level of genetic diversity among competing sib seedlings. It has been suggested that such was a decreasing function of the spatial distance between the mothers. Interestingly, for seeds collected the same diversity might favor the maternal fitness by reducing the competition among sibs through resource partidate, the extent of correlated paternity among progeny arrays separated by Ͻ1.5 m (i.e., the percentage of offtioning or, in a heterogeneous environment, by increas- spring pairs sharing the same father) was similar to the eterization of the simulated model, especially regarding the phenology of flowering for which precise information extent of correlated mating within progeny arrays (Figures  1 and 2) . Hence, the fertilizing pollen loads arriving on was lacking. However, even when phenology was modeled in a way to enhance correlated mating by amplifying the adjacent plants had very similar compositions, at least within a few days. This was confirmed by pairwise ⌽ FT temporal heterogeneity of pollen production among plants, we hardly reached the level observed in reality values that were very low between progeny arrays sampled the same date (at Ͻ2 m, mean ⌽ FT ϭ 0.0037, SE ϭ (results not shown), until we implemented a self-incompatibility system in the simulations. The parameteriza-0.0160; Figure 3) .
A second factor limiting significantly mate availability tion of such a system is difficult because information on the number and frequencies of the self-incompatibility was the phenological heterogeneity among plants. This was clearly evident from the levels of correlated pateralleles and their dominant/codominant effects in the pollen and stigma is lacking, so that we had to rely nity for pairs of offspring collected on nearby mothers the same date vs. at different dates (Figures 1 and 2) , on theoretical expectations. With 20 self-incompatibility alleles, simulated levels of correlated mating were cona trend also observed within sibship. Accordingly, when progeny arrays sampled on different dates were considsistent with the observed value, and this was also the case using 10 or 30 alleles (results not shown). Note ered, the pollen pools on nearby mothers were now differentiated (mean pairwise ⌽ FT at Ͻ2 m ϭ 0.0387, that the impact of the self-incompatibility system might be somewhat underestimated because we did not con-SE ϭ 0.0187). Thus, the composition of the pollen load arriving on a given location varied in the course of the sider the spatial autocorrelation of self-incompatibility alleles that should arise under limited gene dispersal. flowering period because the relative flowering intensities of the neighboring plants changed. Consequently, We cannot ensure that our simulation model contained all the essential ingredients determining correlated matthe diversity of sires at a given location and a given date was considerably lower than when averaged over the ing in the natural population, nature being often complex. However, these simulations give an idea of the whole flowering period. Such an effect was also observed among years in the tree Albizia julibrissin (Irwin et al. relative impact of different factors on correlated paternity, showing in particular that limited pollen dispersal 2003). As seeds from most progeny arrays were collected on a single date (different dates for only two arrays), does not necessarily constitute the major cause. In many species, full-sibs occur in much higher proour estimate of correlated mating is substantially higher than the average level over the whole flowering period.
portion within fruits than among fruits (Table 3) , inducing a hierarchical pattern of correlated matings (e.g., When mating events were simulated accounting for limited pollen dispersal and the heterogeneity of pollen Schoen 1985; Brown et al. 1986; Ritland 1989; Morgan and Barrett 1990; Muona et al. 1991 ; Sampson production and phenology among plants, the level of correlated mating was still inferior to the one observed.
1998). This effect is particularly strong in species where pollen is carried in clusters [e.g., Acacia (Muona et al. This discrepancy might result from an inaccurate param- Seed sampling terms are as follows: wC, within capitula (Asteraceae); wF, within flowers; aF, among flowers; wI, within inflorescences; T, over the whole plant; 1 yr, for 1 year; 4 yr, over 4 years.
1991) and Asclepias (Broyles and Wyatt 1991; Gold
were visited mainly by Coleoptera (Oedemera nobilis Scopili) at a rate of 3.6 visits per hour (S. Luijten, personal and Shore 1995)] or in some species with a particular type of plant-pollinator interactions [e.g., figs and fig  communication) . Some unifications: The TwoGener approach was dewasps (Nason et al. 1998) ], where multiple paternity within fruits is the exception rather than the rule. A vised to infer pollen dispersal distances on the basis of the pattern of differentiation among pollen pools havsignificant impact of the timing of sib fertilization has also been reported recently in A. julibrissin (Irwin et al. ing fertilized different maternal sibships Smouse 2001, 2002; Smouse et al. 2001; . In animal-pollinated species, correlated paternity within fruits is reduced when pollen loads from different et al. 2004 ). This approach is fundamentally based on the pattern of correlated paternity because differentiation fathers are deposited sequentially (e.g., Dudash and Ritland 1991) and/or when a single pollen load is a among pollen pools implies that paternity is correlated within sibships. Actually, ⌽ FT , the measure of genetic mixture of different fathers, implying extensive pollen carryover (e.g., Marshall and Ellstrand 1985; Campdifferentiation among pollen pools having fertilized different mothers in the TwoGener approach; r p , the correbell 1998). In Asteraceae, such as C. corymbosa, fruits are one-seeded, so that correlated paternity cannot relation of outcrossed paternity within sibships following Ritland's (1989) approach; and F S , the mean kinship sult from the deposition of a pollen load on a given stigma, but stigma from adjacent flowers within capitula coefficient between the paternal gametic genotypes of maternal sibs following our approach, are all estimators might be fertilized by the same pollen load, capitula in Asteraceae having the same functional role to attract of the average genetic relatedness among fathers having fertilized maternal sibships. However, they are not expollinators as typical flowers do in many other families. When there is a delayed, centripetal maturation of actly equal because r p is a function of the probability that an allele in one father is identical to one of the flowers within capitulum, correlated paternity through this process is limited to adjacent flowers maturing sialleles of the other father ("relationship" coefficient; Wright 1922), whereas ⌽ FT and F S are functions of the multaneously. In C. corymbosa, the observation that correlated paternity within sibship was not contributed by probability that an allele in one father is identical to a random allele of the other father ("kinship" coefficient; such a mechanism implies that each flowering capitulum got several pollen loads each day (and was thus Malécot 1967). In the absence of inbreeding, in a diploid species, one expects r p ϭ 2⌽ FT (Cockerham visited several times) and/or that pollen carryover was extensive. This is consistent with field observations car-1969), and this is indeed what we found with our data. F S and ⌽ FT gave very similar values but there is, however, ried out in 2002 in population A, showing that capitula a difference: ⌽ FT measures the paternal genetic resemover the whole flowering period), and d e ϭ 0.0085 when w i is the number of flowering capitula per plant at the blance within sibships relative to the one among sibships, whereas F S measures the paternal genetic resemdate of visit (instantaneous effective density); the effective density was thus half the census one. Self-incompatiblance within sibships relative to the average found in the sample, both within and among sibships. Hence, bility also reduces the effective density; as a first approximation, d e should be multiplied by the proportion of one expects ⌽ FT to be slightly higher than F S , as observed with our data (⌽ FT ϭ 0.0974, F S ϭ 0.0914).
compatible mating, but this information is rarely available. Note that d e can also be estimated simultaneously To estimate the proportion of full-sibs within progeny arrays in an outcrossed population, r p , 2⌽ FT , and 2F S are with the dispersal parameters using pairwise ⌽ FT (Austerlitz and Smouse 2002; Austerlitz et al. 2004 ). all fairly good estimators. However, simulations showed that, for the sampling scheme and the genetic markers Finally, it should be noted that the TwoGener approach assumes that flowering individuals are homogewe considered, 2F S was the best estimator and r p the worst one. Assessing the statistical properties of these neously spread over a two-dimensional landscape larger than the scale of pollen dispersal. The studied population estimators in a more general way (i.e., for different types of sampling schemes and allele frequencies) is beyond was an elongated one (200-m length and 20-to 60-m width) with clumped individuals , a the scope of this article but it would be worth doing in a future study.
geometry that enhances correlated mating. Consequently, even when the density was corrected (d e ϭ Implications of our results for the TwoGener approach: The TwoGener approach relies on a model 0.0085), the TwoGener approach did not succeed in providing pollen dispersal parameters consistent with predicting how ⌽ FT (global or pairwise values) varies with the extent of pollen dispersal (Austerlitz and paternity analyses in our population: assuming an exponential dispersal kernel, the estimated mean pollen dis- Austerlitz et al. 2004) , given the density of pollen donors. It assumes implicitly that limpersal distance was ␦ k ϭ 9.8 m from the global ⌽ FT , whereas the best fit to the 121 observed mating events ited mate availability due to limited pollen dispersal is the major factor determining the extent of correlated gave ␦ k ϭ 37 m (␦ k ϭ 91 m assuming an exponential power kernel; Hardy et al. 2004) . It must be noted here mating. It implies among other things that pollen dispersal events must be independent. Independent disthat ␦ k is not an estimate of the mean distance between mates (which was ␦ e ϭ 21.6 m), unless individuals are persal events seem to hold for C. corymbosa but, in other species, especially when sibs come from multiseeded distributed randomly over an area much larger than the scale of pollen dispersal . In fruits, the extent of correlated mating may be essentially due to correlated dispersal events. In C. corymbosa, the conclusion, although the TwoGener approach provides a convenient way to assess pollen dispersal in natural heterogeneity in pollen production and phenology among plants and (probably) the presence of a selfpopulations, care must be taken in the interpretation of the results because reliable estimates require adequate incompatibility system contributed substantially to correlated mating, so that limited pollen dispersal acsampling schemes and population geometry.
Comparing the methods to assess correlated mating: counted for less than half the observed level. Under such a condition, the TwoGener approach is expected to
The identification of mating events by a paternity analysis is a priori the most accurate way of characterizing underestimate significantly pollen dispersal distances.
Hence, care must be taken when applying the Twocorrelated mating, but successful paternity analyses are often difficult to obtain. In our population, paternity was Gener approach because the sampling scheme can have considerable impacts on the output (see also Irwin et assessed for about one-third of the offspring sampled, which is quite good, but implies that correlated paternity al. 2003 for the impact of temporal sampling). To avoid bias due to correlated dispersal, sibs should be sampled could be assessed for only (1/3) 2 ϭ one-ninth of the total number of offspring pairs. On the contrary, the on distant flowers. To account for the heterogeneity of pollen production among plants, the density of pollen approach based on pairwise kinship coefficients considers all pairs of offspring and can be applied even if donors, d (census density), should be corrected to provide an effective density, d e . This can be done if the potential fathers have not been genotyped. Nevertheless, pairwise kinship coefficients typically suffer high relative flowering intensity regarding pollen production, w i , can be assessed for a random set of N plants:
sampling variance (Lynch and Ritland 1999) so that they are not powerful to characterize correlated mating for a single pair of offspring, and they do not exploit fully the multilocus information (they are averages of all progenies were fertilized during a given period, w i should be assessed during this period. Applying this single-locus estimates). Ritland's correlated-matings model uses maximum-likelihood methods to estimate formula in our population and assuming that pollen production was proportional to the number of capitula, mating system parameters and therefore better exploits multilocus information. However, the statistical properd ϭ 0.0167 flowering plants/m 2 , d e ϭ 0.100 when w i is the total number of capitula per plant (effective density ties of the r p estimator were not so good and, as designed
